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Purpose
Parameters of positron emission tomography-computed tomography (PET-CT) were compared with the results of histopathologic examination in order to determine which can provide an objective indication of response after neoadjuvant chemoradiation for treatment of thoracic esophageal squamous cell carcinoma (SCC).
Materials and Methods
Between August 2003 and January 2010, data on 25 patients who underwent neoadjuvant chemoradiation and subsequent resection for treatment of esophageal SCC were retrospectively reviewed. Changes in maximum standardized uptake value (SUVmax), metabolic tumor volume (MTV), and total lesion glycolysis (TLG) were analyzed by comparison with the histopathologic findings.
Results
Pathologic complete remission (CR) for the main tumor was achieved in 11 patients. Postradiation esophagitis was observed in 10 patients. SUVmax of the main tumor was significantly greater in the CR group than in the partial response (PR) group (p=0.039), while MTV and TLG of the main tumor were not (p=0.141 and p=0.349, respectively). The cut-off SUVmax value for CR was estimated as 72.1%, indicating significantly better accuracy than visual interpretation (p=0.045). Of the 48 involved lymph nodes, SUVmax and MTV of lymph nodes were significantly greater in the CR group than in the PR group (p=0.045 and p=0.014, respectively), while TLG was not (p=0.063). The cut-off value of SUVmax for prediction of CR in lymph nodes was calculated as 50.67%.
Conclusion
PET-CT could be used for prediction of response to neoadjuvant treatment in thoracic esophageal SCC. SUVmax may be a more significant predictor for CR after neoadjuvant chemoradiation than TLG and MTV.
Introduction
Despite the increase of routine health exam, many patients with esophageal cancer have advanced disease at initial diagnosis. Surgery is often combined with other modalities in order to improve outcomes, and neoadjuvant treatment was introduced in order to increase the rate of complete resection by decreasing tumor extent and preventing possible distant metastasis. Some recent studies have reported an encouraging rate of complete pathologic response (pCR) using neoadjuvant therapy [1] [2] [3] [4] [5] [6] .
Evaluation of response, during or after neoadjuvant treatment, is important for prediction of resectability in subsequent surgeries, as well as in balancing the benefits and possible harmful side effects. However, previous examina-tions, such as endoscopy, endoscopic ultrasonography (EUS), computed tomography (CT), and magnetic resonance imaging, were not satisfactorily useful because these modalities cannot effectively distinguish a viable tumor from post-treatment inflammation or fibrosis [7, 8] .
By reflecting metabolic tumor activity, 18 F-fluorodeoxyglucose ( 18 F-FDG) positron emission tomography (PET) has emerged as an important noninvasive imaging modality for staging, response monitoring, and detection of recurrence in various types of malignancies [9] [10] [11] . Among the various PET parameters, maximum standardized uptake value (SUVmax) is most frequently used in clinical situations. However, SUVmax represents only a single voxel value of PET and hence can be easily confounded. Recent studies have reported that volumetric parameters such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) were useful in predicting tumor response after neoadjuvant treatment for esophageal adenocarcinoma [11] [12] [13] . However, discussion of the utility of these PET parameters in esophageal squamous cell carcinoma (SCC) has been limited. In addition, despite the fact that lymph node metastasis is an important determinant of resectability in esophageal cancer, little has been studied about its response after neoadjuvant treatment.
The purpose of this study was to identify the most useful metabolic PET parameter for prediction of complete remission (CR) and resectability after neoadjuvant treatment for thoracic esophageal SCC by comparison of changes in PET parameters of both main tumors and suspected metastatic lymph nodes with postoperative pathologic results.
Materials and Methods

Patient enrollment
Between August 2003 and January 2010, 135 patients in our institution underwent neoadjuvant chemoradiation and subsequent resection with curative intent for treatment of advanced esophageal SCC. The eligibility criteria for this study were as follows: 1) candidates for neoadjuvant chemoradiation for advanced esophageal cancer, in whom local invasion of mediastinal structures or vertebra, or massive or extrathoracic lymph node metastasis were suspected by preoperative evaluations, 2) patients without distant metastasis, 3) completion of a planned schedule of chemotherapy and radiation, and 4) both pretreatment and post-treatment PET-CTs were performed in our institution in order to ensure consistency of data. Complete information regarding both prechemoradiation and postchemoradiation PET-CT was available for 25 patients, who were included as the final subjects. Our institutional review board approved this retrospective study protocol.
PET-CT imaging
Pretreatment PET-CT was performed as a part of routine preoperative evaluation. Post-treatment PET-CT was evaluated two or three days before surgery. The mean interval between pretreatment and post-treatment PET-CT was 75 days (range, 52 to 105 days).
After six hours of fasting before examination, blood glucose levels before injection of 18 F-FDG were lower than 200 mg/dL in all patients. PET-CT imaging was performed using one of two dedicated PET-CT scanners (Discovery LS or Discovery STe, GE Healthcare, Milwaukee, WI) without intravenous or oral contrast material. A follow-up scan was performed after administration of neoadjuvant therapy using the same scanner in each patient.
First, whole-body CT was performed using a continuous spiral technique with a helical CT at 45-60 minutes after injection of 18 F-FDG (5.5 MBq/kg). After the CT scan, an emission scan was obtained from the thigh to the head for 2.5-4 minutes per frame. Attenuation-corrected PET images were reconstructed from the CT data using an orderedsubset expectation maximization algorithm (28 or 20 subsets, two iterations).
Neoadjuvant chemoradiation therapy and operative procedures
Patients were scheduled to receive concomitant chemoradiotherapy before surgery. Patients received two cycles of cisplatin/fluorouracil on weeks 1 and 3 during radiotherapy. The chemotherapy regimen included cisplatin 60 mg/m 2 on day 1, followed by fluorouracil 1,000 mg/m 2 /day by continuous infusion from day 1 to 4 of each cycle. Radiation therapy was administered with a target dose of 40 Gy (range, 38 to 44 Gy), delivered over five weeks by a daily dose of 1.8 or 2 Gy per fraction using a linear accelerator with 6 or 10 MV photons.
Surgery was generally performed three or four weeks after completion of neoadjuvant treatment. The type of surgery was selected according to the location of the tumor and suspected involved lymph nodes by initial PET-CT. Patients with upper thoracic esophageal cancer or suspected cervical lymph node involvement underwent 3-field resection, which included transthoracic esophagectomy, cervical esophagogastrostomy, and radical dissection of lymph nodes in the neck, chest, and abdomen. Patients with middle to lower thoracic tumors without cervical node involvement underwent Ivor Lewis operations with radical lymphadenectomy in the chest and abdomen. Cervical lymph node dissection routinely included level II-V stations and supraclavicular lymph nodes. In the thorax, exploration and dissection of both recurrent laryngeal, aortopulmonary, paraesophageal, subcarinal and nearby peribronchial, and both pulmonary ligaments and diaphragmatic lymph nodes were performed. Abdominal lymph node dissections were also performed in all patients for perigastric, celiac, left gastric, and common hepatic artery lymph nodes.
Data collection and statistical analysis
Medical records, including patient demographics, operation, information regarding neoadjuvant treatment, results of preoperative evaluation, including chest CT and PET-CT, histopathologic results, and follow-up were retrospectively reviewed. Post-treatment PET-CT was performed within one week prior to surgery if the patient completed the scheduled treatment.
Two experienced nuclear medicine physicians reviewed all 18 F-FDG PET-CT images for initial staging and response evaluation on a dedicated workstation (GE Advantage Workstation 4.4). Initial visual interpretations regarding response after chemoradiation had been determined considering changes in PET parameters, radiologic changes in CT images, and other clinical situations. Metabolic and volumetric parameters were measured using Volume Viewer software (Kai Uwe Barthel, Berlin, Germany), which provides an automatically delineated volume of interest (VOI) using an isocontour threshold method based on the SUV. SUVmax was defined as the SUV on the highest image pixel in the tumor region. MTV was defined as the total tumor volume segmented by the threshold SUV [14] . Mediastinal blood pool activity of the aortic arch was used as a threshold for determining the VOI boundary [15, 16] . SUVmean plus two standard deviations of the VOI in the aortic arch was adopted as the threshold SUV for the primary tumor and metastatic lymph nodes. Using the threshold SUV, VOIs of the primary tumor and metastatic lymph nodes were generated automatically. The software calculated the SUVmax, SUVmean, and MTV of each relevant lesion. TLG was obtained by multiplying the SUVmean by the number of voxels. Changes in metabolic parameters, including SUVmax, MTV, and TLG for both main tumors and individual involved lymph nodes were measured and compared with the histopathologic findings of surgical specimens. Surgical specimens were inspected and re-examined by a single pathologist. Determination of CR according to PET-CT results and pathologic results followed the revised Response Evaluation Criteria in Solid Tumors (RECIST ver. 1.1), and European Organization for Research and Treatment of Cancer (EORTC) recommendations [17, 18] . In detail, pCR was defined as absence of histological evidence of neoplasia, gross tumor or individual cells in the resected esophageal specimen. Partial pathologic response was defined as a change in stage from preoperative evaluation or greater than 50% reduction in size of the tumor postoperatively. Nonresponders were defined as those with no change in tumor stage when comparing preoperative and postoperative pathologic stage.
Correlations of parameters with the prediction of CR were analyzed by maximum likelihood estimates using logistic regression analysis. Prediction accuracy was assessed using area under the receiver-operating characteristic curve (AUC). 
Results
Patient demographics, information relevant to surgery, and recurrence are shown in Table 1 . All 25 patients finished their scheduled chemoradiation therapy. Twenty one patients received neoadjuvant treatment due to extrathoracic (mostly cervical) or extensive intrathoracic lymph node involvement. In the remaining four patients, direct mediastinal or vertebra invasion was suspected. None of the patients in this series experienced significant side effects during neoadjuvant treatment, except two cases of nausea, which required additional anti-emetics administration.
Ten patients with upper thoracic esophageal cancer and another two patients with middle thoracic tumors with suspicious cervical nodal metastasis underwent 3-field resections. The other 13 patients underwent Ivor Lewis operations. Complete resection was achieved in 22 patients. The three remaining patients were considered to have residual microscopic tumors after removal of gross tumors invading the vertebra or aorta. The mean number of harvested lymph nodes was 43.2 16.8. Operative mortality occurred in one patient due to postoperative respiratory failure. Another five patients had pulmonary complications such as pneumonia or acute lung injury. Anastomosis leakage was suspected in three patients, based on esophagography performed on the seventh postoperative day, but showed improvement without surgical management.
All of the PET-CT parameters of the individual tumor and lymph nodes could be verified by histopathologic examination. For the main tumor, pathologic CR was achieved in 11 patients, and partial response (PR), including stable disease was found in 14 patients. Combined hypermetabolic postradiation esophagitis was observed in 10 of 25 patients (40%).
Reduction of SUVmax (SUVmax) of the main tumor was significantly greater in the CR group than in the PR group (83.0% 17.0% vs. 55.6% 28.4%, p 0.039). The AUC was calculated as 0.789 (95% confidence interval, 0.581 to 0.925) for prediction of CR by SUVmax of the main tumor. (Fig. 1 ) However, MTV and TLG of the main tumor did not differ significantly between the two groups (p 0.141 and p=0.349, respectively). Multivariable analysis identified an independent and positive association of SUVmax with pathologic CR of the main tumor ( Table 2 ). The optimum cut-off value of SUVmax showing the best accuracy was 72.1% (p 0.02), which resulted in a sensitivity of 72.73, specificity of 85.7, and accuracy of 80.0%. These values were compared with those of visual interpretation results, which were calcu- Refers to the changes of SUVmax after neoadjuvant chemoradiation. lated as follows: sensitivity, 36.4%; specificity, 85.7%; and accuracy, 64.0%. Both sensitivity and accuracy were significantly higher for SUVmax than for visual interpretation (p 0.045, both). Visual interpretation assumed PR in all of the 10 cases with radiation-induced esophagitis, while seven of them were confirmed as having CR by pathologic examination (Figs. 2 and 3 ). The number of lymph node stations with suspected metastasis according to prechemoradiation PET-CT was 48, and the mean number of lymph node stations with suspected metastasis per patient was 1.92 (range, 0 to 4). For these 48 involved lymph nodes, CR was achieved in 31 lymph nodes and PR in 17. Unexpected lymph node metastasis was found in four patients, which included three perigastric lymph nodes and two right recurrent laryngeal nerve lymph nodes. The SUVmax and MTV of lymph nodes was significantly greater in the CR group than in the PR group (p 0.045 and p 0.014, respectively). However, TLG of lymph nodes did not differ significantly between the two groups (p 0.063). The optimum cut-off value of SUVmax for lymph nodes showing the best accuracy was 50.7% (p 0.008), which resulted in a sensitivity of 90.3%, specificity of 64.7%, and accuracy of 81.3%.
During follow-up, 13 patients experienced tumor recurrence, including nine distant metastases to lung, bone, or liver and four loco-regional relapses. All loco-regional relapses were found in the area of lymph nodes that were suspected as having residual disease by post-treatment PET-CT (Table 1) . Patients showing pathological CR appear to have better survival than those with stable disease or PR, although statistical significance was not reached (p 0.286 and p 0.444, respectively) ( Fig. 4A and B) . No pretreatment and post-treatment PET parameters showed significant correlation with survival or recurrence of these patients.
Discussion
Evaluation of response after neoadjuvant chemoradiation for treatment of esophageal cancer is very important not only to determination of the continuation of current treatment strategies but also to reducing the adverse effects of unnecessary chemoradiotherapy [19] . Some authors have reported increased survival in patients with CR after neoadjuvant treatment, while others have reported that neoadjuvant treatment did not lead to improvements in survival or recurrence [2, 3, 20, 21] . In some cases, comparable outcomes were observed only by neoadjuvant chemotherapy without radiation, which could expedite resection, and decrease operative mortality and postoperative complications by radiation [22] . Recent meta-analysis provided strong evidence for a survival benefit of neoadjuvant treatment [6] . , which suggests active radiation esophagitis. Due to esophagitis, diagnosis of complete remission by visual interpretation is difficult, while reduction of SUVmax (SUVmax) was 73.3%, which implies complete remission according to the cut-off SUVmax of 72%. Permanent pathologic examination revealed no remaining viable tumor. SUVmax, maximum standardized uptake value.
A B
Evaluation of response for suspicious lymph node metastasis also has important clinical implications for determining the extent of resection and predicting prognosis [23] . However, lymph node metastasis has not been extensively explored [24] . Previous morphologic exams cannot identify a true residual tumor from post-treatment fibrosis. PET can provide information regarding changes in metabolic activity of tumors, and integrated PET-CT can give both anatomical extent and metabolic activity of the main tumor as well as involved lymph nodes. It is also helpful in distinguishing metastatic lesions from benign inflammation such as reactive lymph nodes. Various PET parameters are used for interpretation of results, and some recent reports have shown that volumetric parameters such as MTV or TLG were more effective in evaluation of response to neoadjuvant treatment than SUVmax. However, most of these studies were conducted on thoracic esophageal adenocarcinomas, and discussion regarding SCC has been limited, although correlations of changes in metabolic activity with response and survival were reported [25] . SCC, the most prevalent esophageal cancer in Asians, comprises more than 99% of esophageal cancers at our institution. Besides, there has been a lack of objective index for interpreting PET parameters, while interpretation of PET-CT results has been highly subjective and empirical according to persons who interpret the results.
Since 2003, integrated PET-CT has been used at our institution for both initial metastatic surveillance and for response evaluation of various tumors [14] . In the current study, we attempted to find a potential objective yardstick for judgment of complete resection and resectability in patients who underwent neoadjuvant chemoradiation for treatment of thoracic esophageal SCC. In this series, tumors were located at the upper or middle esophagus in 21 patients, and only four had distal esophageal tumors. The mean tumor size was 5.7 cm. Unlike the findings reported by Wieder et al. [25] , in ten patients with radiation esophagitis after neoadjuvant treatment, the region of radiation esophagitis showed substantial PET uptake due to active inflammation, which made differentiation of true tumor-uptake from inflammation very difficult. In addition, in large tumors, it was also difficult to define the precise extent of viable tumors from post-treatment fibrosis radiologically. Therefore, in many cases, a significant difference was observed between the calculated volume of the viable tumor and actual viable tumor volume assessed by pathologic examination of the resected specimen. As a result, determination of response by TLG or MTV was more difficult, especially in patients with radiation esophagitis. Consequently, the correlation of TLG or MTV with pathologic findings was less consistent than that of SUVmax. When we compared the effectiveness of SUVmax with that of visual interpretation, the sensitivity and accuracy of predicting CR by SUVmax at its optimum cut-off value were superior to those of visual interpretation.
Unlike adenocarcinoma, which occurs primarily in the confined space of the distal esophagus and esophagogastric junction, SCC occurs evenly throughout the whole thoracic esophagus, and therefore, tends to be extensive in size at initial diagnosis. In addition, some authors have reported that adenocarcinoma showed a more rapid response to increasing doses of chemoradiation than SCC [24] . For these reasons, development of inflammation and post-treatment fibrosis in response to chemoradiation appears more likely with SCC, and these could be confused with viable tumors. We also observed that PET results showed better correlation with pathologic findings for lymph nodes than for the main tumor due to these PET artifacts.
Our study had some limitations. First, it was pretrospective in design. Only 18.5% (25 out of 135) of patients who received neoadjuvant chemoradiation underwent both pretreatment and post-treatment PET-CT at our institution because post-treatment PET-CT is not routinely performed in the early period of disease and because many patients had undergone PET-CT in other hospitals with different equipment and protocols before transfer to our institution. We retrospectively reviewed pathologically proven specimens and compared the PET-CT findings with the pathologic reports. Conduct of a prospectively designed study might be required in order to more accurately include false positive or false negative results of PET-CT scans. Second, our study failed to show statistically significant correlation between CR and survival benefit (Fig. 4) , although all of the loco-regional recurrence was observed in the areas of residual lymph node metastasis. This might result from a small number of subjects. Third, measurement of PET parameters was performed using two different PET scanner models with different protocols. Future studies with a larger population might be able to provide exact correlation of the changes of PET-CT parameter with prognosis in thoracic esophageal SCC. In addition, guidelines for adjuvant treatment according to reduction of SUVmax could be provided.
Conclusion
PET-CT can be used for prediction of treatment response after neoadjuvant chemoradiation for both the main tumor and involved lymph nodes in thoracic esophageal SCC. Reduction of SUVmax may be a more useful PET parameter for prediction of CR than that of visual interpretation or volume-adjusted metabolic parameters, such as TLG or MTV. Reduction of SUVmax greater than 70% for the main tumor and 50% for metastatic lymph nodes were associated with an increased chance of curative resection.
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